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Transient receptor potential vanilloid 4 (TRPV4) is a Ca 2؉permeable channel of the transient receptor potential (TRP) superfamily activated by diverse stimuli, including warm temperature, mechanical forces, and lipid mediators such as arachidonic acid (AA) and its metabolites. This activation is tightly regulated by protein phosphorylation carried out by various serine/threonine or tyrosine kinases. It remains poorly understood how phosphorylation differentially regulates TRPV4 activation in response to different stimuli. We investigated how TRPV4 activation by AA, an important signaling process in the dilation of coronary arterioles, is affected by protein kinase A (PKA)mediated phosphorylation at Ser-824. Wildtype and mutant TRPV4 channels were expressed in human coronary artery endothelial cells (HCAECs). AA-induced TRPV4 activation was blunted in the S824A mutant but was enhanced in the phosphomimetic S824E mutant, whereas the channel activation by the synthetic agonist GSK1016790A was not affected. The low level of basal phosphorylation at Ser-824 was robustly increased by the redox signaling molecule hydrogen peroxide (H 2 O 2 ). The H 2 O 2 -induced phosphorylation was accompanied by an enhanced channel activation by AA, and this enhanced response was largely abolished by PKA inhibition or S824A mutation. We further identified a potential structural context dependence of Ser-824 phosphorylation-mediated TRPV4 regulation involving an interplay between AA binding and the possible phosphorylation-induced rearrangements of the C-terminal helix bearing Ser-824. These results provide insight into how phosphorylation specifically regulates TRPV4 activation. Redox-mediated TRPV4 phosphorylation may contribute to pathologies associated with enhanced TRPV4 activity in endothelial and other systems.
TRPV4, the fourth member of transient receptor potential (TRP) 2 vanilloid subfamily, is a Ca 2ϩ -permeable cation channel involved in multiple physiological processes and diseases (1) (2) (3) (4) .
Since it was first identified in 2000, TRPV4 has been found in various cell types/tissues, such as epithelial cells of kidney and airways, sensory neurons, keratinocytes, smooth muscle, and the vascular endothelium (1) (2) (3) . In accordance with this broad distribution, TRPV4 has been implicated in nociception (5) , systemic osmotic regulation (6, 7) , epithelial ciliary activity (8) , and shear-induced vasodilation and blood flow regulation (3, 9 -13) . Mutations in TRPV4, many being gain-of-function variants, cause a panel of neuromuscular dystrophies and skeletal dysplasia (14, 15) . Emerging evidence indicates that nongenetic gainof-function of TRPV4 also contributes to pathological processes such as neurogenic inflammation and hyperalgesia (5, 16 -18) , adipose cell inflammation (19) , pulmonary and cardiac tissue fibrosis (20, 21) , pathologies associated with diet-induced obesity (22) , and angiotensin II-induced endothelial dysfunction (23) .
The TRP channel, such as TRPV4, is a tetramer and has an overall architecture similar to that of voltage-gated potassium (K V ) channels (24) , with each monomer possessing six transmembrane (TM) domains, a pore loop between TM5 and TM6, and intracellular N-and C-terminal tails (25) . TRPV4 can be activated by diverse physical and chemical stimuli including hypotonic cell swelling (26 -28) , moderate heat (29, 30) , mechanical stimuli (e.g. membrane stretch and shear stress) (6, 7, 12, (31) (32) (33) , low pH (6) , and lipid mediators such as arachidonic acid (AA) and its metabolites (34 -37) . The mechanisms by which TRPV4 is activated by such diverse stimuli are currently poorly understood, yet evidence indicates at least two independent pathways of activation. The synthetic agonist 4␣-PDD activates TRPV4 by directly binding to its TM3 and TM4 segments in a ligand-like manner (38) . Although direct gating by mechanical force has been observed in various settings (32, 33) , TRPV4 activation in response to hypotonic cell swelling, high viscous load, and shear stress appears to depend on phospholipase A 2 (PLA 2 ) activity and the associated release of AA and its metabolites (8, 10, 39) . Mutating a tyrosine residue (Y555A) in the TM3 strongly impairs activation of TRPV4 by 4␣-PDD but has no effect on activation by cell swelling or AA, a finding consistent with an independent activation mechanism by AA or its metabolites (39) .
In addition to stimulus-dependent activation described above, TRPV4 can also be regulated by protein phosphorylation via tyrosine and serine/threonine kinases (40 -42) , which seems to be a conserved mechanism contributing to the sensitization and enhanced activity of TRPV4 and TRPV1 channels in conditions such as inflammation and hyperalgesia (17, 18, 43) . It is well established that phosphorylation by protein kinase C (PKC) and protein kinase A (PKA) can phosphorylate and sensitize TRPV1 channel in the development of heat hyperalgesia (43) . Phosphorylation of TRPV4 by these protein kinases, although at different sites (Ser-162, Thr-175, and Ser-189 residues by PKC and Ser-824 residue by PKA), enhances TRPV4 activation induced by hypotonic swelling (40) . A subsequent study confirmed that PKC and possibly PKA phosphorylate TRPV4 at Ser-824 resulting in its sensitization to the hypotonic solution (42) . However, the mechanisms by which phosphorylation regulates TRPV4 activation in response to different stimuli, as well as the exact pathways responsible for TRPV4 phosphorylation under physiological or pathophysiological conditions, remain to be defined.
Using native human coronary artery endothelial cells (HCAECs) and TRPV4-overexpressing HCAECs, we recently reported that AA activates TRPV4, and this activation requires PKA-mediated protein phosphorylation (36), similarly as that described for arachidonate-regulated Ca 2ϩ (ARC) channel (44) . Furthermore, TRPV4 mediates shear stress-induced and endothelium-dependent vasodilation in human coronary arterioles (HCAs) isolated from subjects with coronary artery disease, a condition associated with enhanced production of reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ) (45). Of note, H 2 O 2 , an endogenous redox signaling molecule involved in various pathophysiological conditions (46, 47) and a regulator of protein kinases (48) , enhances Src-dependent tyrosine phosphorylation of TRPV4 (41) . In this study, we explored the role and mechanism of PKA-mediated Ser-824 phosphorylation in TRPV4 activation by AA. The present study shows that AA-induced TRPV4 activation is strongly and specifically regulated by Ser-824 phosphorylation of the channel. We demonstrate that H 2 O 2 stimulates PKA-dependent phosphorylation of TRPV4 at Ser-824 and consequently enhances AA-induced channel activation in both cultured and native HCAECs. To further identify the potential structural context by which Ser-824 phosphorylation confers specific regulation of TRPV4 activation by AA, we have developed a homology model of the human TRPV4, including the domain harboring the previously postulated arachidonate recognition sequence (ARS) (1), and the possible arrangements for the C-terminal domain bearing Ser-824 residue. We have used an automated docking approach to infer a likely conformation of AA in the putative binding region and hypothesized on a potential mechanism of TRPV4 activation by AA binding, the restraint on activation by the C-terminal domain, and facilitation of gating by Ser-824 phosphorylation that might dislodge the C-terminal domain from its inhibitory location.
Results

Ser-824 phosphorylation regulates TRPV4 activation by AA in HCAECs
TRPV4 is expressed in endothelial cells of different species and vascular beds including HCAECs (12, 13, 45) . Using native HCAECs and cells overexpressing human TRPV4 with C-terminal green fluorescent protein (TRPV4-GFP), we previously identified an essential role of the endogenous lipid mediator AA in TRPV4 activation (36) . The TRPV4 overexpression in these primary endothelial cells offers a favorable signal-to-noise ratio along with well-preserved signaling pathways as compared with commonly used HEK 293 cells. For example, AA, as well as the synthetic TRPV4 agonist GSK1016790A, increases intracellular Ca 2ϩ concentration [Ca 2ϩ ] i in native HCAECs that is sensitive to different TRPV4 blockers such as RN-1734, HC067047, and ruthenium red (36) . Transfection of these endothelial cells with exogenous TRPV4 greatly increases (by Ն 5-to 10-fold) Ca 2ϩ responses to AA and GSK1016790A, which are also inhibited by TRPV4 blockers.
Furthermore, our previous work revealed that AA-induced TRPV4 activation requires PKA-mediated protein phosphorylation (36) . To determine whether TRPV4 activation by AA involves phosphorylation at the specific amino acid residue Ser-824, a previously identified PKA phosphorylation site (40, 42) , we analyzed TRPV4-dependent Ca 2ϩ influx, using ratiometric fura-2 calcium imaging in HCAECs stably expressing the following TRPV4 constructs: wildtype (WT), nonphosphorylatable alanine mutant (S824A) and phosphomimetic glutamic acid mutant (S824E). Compared with HCAECs overexpressing WT TRPV4, AA (3 M)-induced increase in [Ca 2ϩ ] i was largely blunted but not eliminated in the nonphosphorylatable S824A mutant. Conversely, a significantly enhanced response to AA was observed in the phosphomimetic S824E mutant ( Fig. 1 , A-C and E). These results suggest that Ser-824 phosphorylation tightly regulates TRPV4 activation by AA. In contrast, subsequent addition of the synthetic agonist GSK1016790A (1 nM) further increased [Ca 2ϩ ] i to similar levels in WT, S824A, and S824E mutants ( Fig. 1 , A-C and F), indicating that Ser-824 phosphorylation specifically regulates TRPV4 activation in response to AA. With a lower-affinity Ca 2ϩ indicator fura-4F, we found that addition of GSK1016790A (1 nM) alone also induced similar Ca 2ϩ responses in WT, S824A, and S824E mutants (Fig. S7 ).
The basal [Ca 2ϩ ] i was higher in HCAECs overexpressing WT TRPV4 ( Fig. 1D ) ([Ca 2ϩ ] i , 199 Ϯ 9 versus 89 Ϯ 4 nM in nontransfected cells, respectively; n ϭ 12 independent experiments; p Ͻ 0.05), reflecting the spontaneous activity of TRPV4 reported previously in these and other cells (36, 41) . Although the basal Ca 2ϩ concentrations in cells expressing TRPV4 WT and S824A mutant were comparable ( Fig. 1D ), they were substantially elevated in cells expressing the S824E mutant ( Fig. S1 , A-C). To minimize potential variations originating from factors other than TRPV4 channel activity, we excluded cells with very high basal [Ca 2ϩ ] i (F340/F380 Ͼ 2.0) from our analysis ( Fig. 1) . A similar approach has been reported previously (42) .
TRPV4 S824A and S824E mutants localize on the cell surface
TRPV4 function requires the expression of channel proteins on the plasma membrane. To investigate whether mutation of Ser-824 affects protein expression and trafficking of the channels to the cell surface, we performed fluorescence imaging of HCAECs expressing TRPV4-GFP (WT, S824A, and S824E) fusion proteins ( Fig. 2A ). These fluorescence images revealed plasma membrane protein expression of WT and both Ser-824 mutants. Furthermore, cell surface biotinylation labeling followed by Western blot analysis confirmed the plasma membrane expression of WT and mutant TRPV4-GFP fusion proteins ( Fig. 2B ). Moreover, we observed a trend toward reduced membrane and total TRPV4 expression in the S824E mutant as compared with WT and S824A mutant, which may be because of high [Ca 2ϩ ] i -associated cell toxicity in culture. Using the same cell surface biotinylation method, we found that similar levels of PECAM-1, an endothelial cell marker protein, were expressed at the cell surface of HCAECs expressing TRPV4 WT, S824A, and S824E mutants. As an additional control, we did not detect ␤-actin, a cytosolic protein, in the cell surface protein fraction (data not shown).
Activation of PKC and PKA induces TRPV4 phosphorylation at Ser-824
To directly examine TRPV4 phosphorylation at Ser-824, HCAECs were grown under standard conditions (without prior serum starvation) and exposed to PKC selective activators, which have been shown previously to induce Ser-824 phosphorylation in HEK 293 cells (42) . Protein lysates of TRPV4-GFPexpressing HCAECs were immunoprecipitated with an antibody against GFP and then blotted for phosphorylated Ser-824 (pSer-824) using a motif-specific antibody. We consistently detected basal levels of Ser-824 phosphorylation in HCAECs, as indicated by more prolonged exposure of blots (data not shown). The phosphorylation at Ser-824 in TRPV4-GFP WT acutely increased following 1 M phorbol 12-myristate 13-acetate (PMA, a PKC activator) treatment (Fig. 3A) . In HCAECs expressing the phosphorylation-deficient TRPV4 variant (S824A), no phospho-specific signal could be detected after PMA stimulation. These results confirmed Ser-824 as a target residue for PKC, as well as the specificity of the anti-pSer-824 antibody.
We also analyzed TRPV4 phosphorylation at Ser-824 in response to forskolin (10 M, adenylate cyclase activator) treatment ( Fig. 3B ). We found that forskolin increased phos- 
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phorylation of Ser-824 in HCAECs, albeit to a smaller extent tha PMA, a finding similar to that obtained in HEK 293 and Madin-Darby canine kidney (MDCK) cells (42) . Furthermore, forskolin-induced Ser-824 phosphorylation was more robustly detected in the presence of the protein phosphatase (PP) 1/2A inhibitor cantharidin (10 M). Cantharidin alone induced a time-dependent increase in Ser-824 phosphorylation in HCAECs (data not shown). These results indicate that PP1/2A negatively regulates Ser-824 phosphorylation stimulated by the PKA pathway. The effect of cantharidin on PKAmediated Ser-824 phosphorylation did not require prolonged incubation of cantharidin (e.g. 30 min in Fig. 3B ) but only needed a brief pretreatment (e.g. 2 min before cell lysis in Figs. 5 and 6). The mechanisms responsible for this acute effect remain to be determined. To examine whether PKA can directly phosphorylate TRPV4 at Ser-824, TRPV4-GFP WT proteins were immunoprecipitated with anti-GFP antibodies and incubated with PKA catalytic subunits. TRPV4 phosphorylation at Ser-824 was markedly enhanced after exposure to PKA in vitro ( Fig. 3C ). Altogether, the presented results demonstrate that PKC and PKA can phosphorylate Ser-824 of TRPV4 in HCAECs.
H 2 O 2 -PKA pathway regulates AA-induced TRPV4 activation in HCAECs
As discussed above, indirect evidence suggests that H 2 O 2 may be an endogenous factor that regulates TRPV4 activation and phosphorylation at Ser-824. Thus, we examined Ca 2ϩ responses to AA and GSK1016790A in WT TRPV4-expressing HCAECs with or without H 2 O 2 pretreatment. Compared with untreated controls, pretreatment of HCAECs with H 2 O 2 at a pathophysiologically relevant concentration (100 M) (48) significantly enhanced [Ca 2ϩ ] i response to AA (3 M) ( Fig. 4, A, B , and E) but not to GSK1016790A (1 nM) ( Fig. 4, A, B , and F). These results indicate that H 2 O 2 can specifically potentiate TRPV4 activation by AA. The AA-induced [Ca 2ϩ ] i responses were almost entirely abolished when cells were pretreated with H 2 O 2 plus PKI (10 M) ( Fig. 4 , C and E), a peptide inhibitor of PKA, demonstrating that H 2 O 2 -potentiated and AA-induced TRPV4 activation involves PKA activity. In addition, the amplitudes of Ca 2ϩ transients in response to AA (in the presence of H 2 O 2 ) were significantly lower in HCAECs expressing TRPV4 S824A than in cells expressing TRPV4 WT (Fig. 4 , D and E), indicating that Ser-824 is a 
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HCAECs with TRPV4 S824A mutation or PKI pretreatment (both in the presence of H 2 O 2 ) exhibited marked reduction or almost complete loss of Ca 2ϩ responses to AA, to a level that was even lower than that of WT TRPV4 controls without H 2 O 2 pretreatment ( Fig. 4E and Fig. S1D ). Similarly, AA-induced responses in cells expressing TRPV4 S824A were markedly reduced as compared with WT TRPV4 (Fig. 1E ). These results indicate that a significant portion of TRPV4 channels is phosphorylated at Ser-824 in HCAECs under resting conditions. Together, these results suggest that the H 2 O 2 -PKA-TRPV4 pSer-824 signaling axis can provide strong and bidirectional control of AA-induced TRPV4 activation.
H 2 O 2 and AA stimulate TRPV4 phosphorylation at Ser-824
To directly examine whether H 2 O 2 induces phosphorylation at Ser-824, HCAECs overexpressing WT TRPV4 were stimulated with H 2 O 2 (100, 300, and 1000 M) for 30 min. TRPV4 phosphorylation was detected by immunoprecipitation followed by Western blotting with antibodies against pSer-824 as described above. H 2 O 2 induced robust Ser-824 phosphorylation, and the maximal stimulation was observed with around 300 M H 2 O 2 (Fig. 5 , A and C). Further time course study indicated that H 2 O 2 (300 M) enhanced Ser-824 phosphorylation in a time-dependent manner; the phosphorylation of Ser-824 was detected as early as 5 min after addition of H 2 O 2 , which continued to rise for up to 30 min and remained elevated at 60 min (Fig. 5, B and D) . We also examined Ser-824 phosphorylation in HCAECs in response to AA (1-10 M) in the presence of cantharidin (10 M). Interestingly, AA treatment also led to enhanced phosphorylation at Ser-824 compared with untreated controls (Fig. 5 , A and C). The stimulation of pSer-824 was concentration dependent at 1-3 M AA, and no further enhancement was observed with a higher concentration (10 M).
H 2 O 2 -stimulated TRPV4 Ser-824 phosphorylation involves PKA
Evidence from other studies suggests that H 2 O 2 can activate PKA through the formation of an intermolecular disulfide bond between regulatory subunits via cysteine oxidation (48) . Given the robust stimulation of Ser-824 phosphorylation by H 2 O 2 , we next examined whether PKA is indeed involved in H 2 O 2 -induced phosphorylation of TRPV4 at Ser-824. HCAECs were separately pretreated with three chemically distinct PKA inhibitors, PKI, H89, and KT5720, at a concentration of 10 M each for 30 min. Western blot analysis revealed that H 2 O 2 (100 M)induced phosphorylation of TRPV4 at Ser-824 was almost eliminated by all three PKA inhibitors, strongly supporting the involvement of PKA (Fig. 6 , A and C). Additional proof was provided by parallel experiments wherein H 2 O 2 was replaced by forskolin (10 M). We found that forskolin-stimulated Ser-824 phosphorylation of TRPV4 was reduced by pretreatment of cells for 30 min with the PKA inhibitor H89 (10 M). The inhibition of forskolin-induced phosphorylation by PKI (10 M) was variable between experiments and thus did not reach statistical significance. The factors underlying this variability remain to be determined in future studies. However, these results confirm that at least one of the three PKA inhibitors used could effectively inhibit PKA activation by the classical cAMP signaling (Fig. 6 , B and D).
H 2 O 2 regulates AA-induced TRPV4 activation in native endothelial cells
To determine whether H 2 O 2 regulates AA-induced TRPV4 activation in native endothelial cells that endogenously express TRPV4 and its associated signaling pathways, we examined TRPV4-mediated vasodilatory responses in freshly isolated HCAs. Previous studies have shown that AA induces potent dilation of HCAs through the activation of endothelial TRPV4 and subsequent release of endothelial relaxing factors or hyperpolarization of vascular cells. This TRPV4-mediated response is more prominent in HCAs of subjects with coronary artery disease (45), a condition associated with increased production of reactive oxygen species such as H 2 O 2 , thereby providing an ex vivo bioassay system for examining the modulation of TRPV4 function by H 2 O 2 under pathophysiologically relevant A, HCAECs were transfected with plasmids encoding TRPV4-GFP wildtype (WT), S824A, or K407T mutants in a lentiviral vector. NT indicates nontransfected. Cells were exposed to the PKC activator PMA (1 M) for 30 min. TRPV4 Ser-824 phosphorylation was analyzed by Western blotting with a phosphoserine motif antibody against the motif RXRXXS*/T* (pSer-824 antibodies), and the same blot was reprobed with GFP antibodies to detect total cellular TRPV4 proteins. B, similar experiments were conducted on TRPV4-transfected HCAECs exposed to the adenylate cyclase activator forskolin (10 M) for 30 min, with or without co-incubation with the protein phosphatase (PP) 1/2A inhibitor cantharidin (10 M). C, PKA phosphorylated TRPV4 at Ser-824 in vitro. The protein lysates of TRPV4-GFP-transfected HCAECs were immunoprecipitated and treated with PKA catalytic subunit (ϩ) (2500 units for 50 g input protein lysate) for 30 min at 30°C. A-C, immunoblots are representative of three (A), five (B), or two (C) independent experiments. Quantification of -fold change in Ser-824 phosphorylation after different schemes of treatment is presented below or beside the representative immunoblots shown in panels A, B, and C, respectively. Data represent mean Ϯ S.E. of pSer-824 band densities normalized to total TRPV4 expression levels and then converted to relative phosphorylation levels as compared with WT vehicle control. *, p Ͻ 0.05 compared with vehicle; #, p Ͻ 0.05 compared with cantharidin.
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conditions. We first verified the mediating role of TRPV4 in vasodilatory responses to AA. In HCAs cannulated and pressurized under physiological conditions, AA (10 Ϫ11 to 10 Ϫ6 M) caused a potent and concentration-dependent dilation, and this dilation was largely blocked by the TRPV4 antagonist HC067047 (Fig. 7A ). AA-induced dilation was significantly reduced when HCAs were incubated intraluminally with catalase, an H 2 O 2 -metabolizing enzyme that scavenges endogenously generated H 2 O 2 (Fig. 7B ). AA-induced vasodilation was only marginally attenuated by pretreatment of HCAs with 14, , a selective epoxyeicosatrienoic acid (EET) antagonist ( Fig. 7C ). Using a fura-2 assay similar as cultured HCAECs, we confirmed AA-induced and TRPV4-mediated Ca 2ϩ response in endothelial cells in situ of cannulated arteries (Fig. S2 ). These results indicate that H 2 O 2 regulates AA-induced TRPV4 activation in native endothelial cells as well. In addition, the P450 metabolites of AA such as EETs do not significantly contribute to endothelial TRPV4 activation by AA in HCAs.
Potential structural basis of AA-induced TRPV4 activation and its regulation by Ser-824 phosphorylation
To gain insights into the specific interplay of AA binding and Ser-824 phosphorylation in TRPV4 activation, we performed homology modeling of human TRPV4, including the putative AA-binding ARS region (1) and C-terminal domain that har-bors Ser-824. The ARS region contains Lys-407, and mutation in this residue has been associated with hereditary disease (50) . We have employed seven leading structure prediction servers (see "Experimental Procedures" for details). The model that has captured the predominant trend and was in good agreement with the available cryo-EM structures of homologous channels has been delivered by SWISS-MODEL (51) . Among all the models, there was a clear consensus for the region starting from N-terminal ankyrin repeat domain (ARD) and up to characteristic TRP helix. The ARS region that contains Lys-407 was modeled as a part of a tripartite antiparallel beta-strand domain. Two beta-strands of that domain belonged to N-terminal region between the ARD and pre-S1 helix, whereas the third strand arrived from the C terminus ( Fig. 8A and Fig. S3 ). In contrast, the majority of C-terminal region after the TRP 
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helix was poorly modeled by all the servers, which was often unresolved in the template structures available in the Protein Data Bank (PDB). From several templates, it was clear that the region contains a beta-strand (residues Trp-776 to Val-783, participating in the above-mentioned beta-strand domain), although the low-conservancy regions before and after that beta-strand were not consistently structured in predictions.
To obtain better predictions for the unresolved C-terminal region from Arg-779 to Leu-871, we have performed a separate set of structural modeling (essentially a de novo approach; see "Experimental Procedures") using structure prediction servers IntFOLD-TS (52), I-TASSER (53), Phyre2 (54), RaptorX (55), Robetta (56) , and SWISS-MODEL (51) . Following the betastrand at the beginning of the region, the predominant trend was the largely disordered C-terminal region with only one per-sistent secondary structure element, a short (four to six turns) alpha-helix in the middle, typically residues Trp-822 to Ser-836 (Fig. 8A) . This alpha-helical domain contained residue Ser-824, and we hypothesized that the alpha-helix normally resides somewhere in a reasonable vicinity of a putative AA-binding region (somewhere between Lys-407 and TRP helix, see below), whereas phosphorylation would dislodge it from that location. Given that there are six basic residues in the sequence vicinity of the Ser-824 -harboring alpha-helix ( Fig. 8B ), we assumed that it binds to a region with predominant acidic residues. In the vicinity of the putative AA-binding region, there are two suitable locations for the C-terminal alpha-helix, one on the external side of the channel, facing the interface between the lipids and the membrane, and another inside the pore vestibule. Comparison of all the available structural models for the C-terminal domain has revealed the preferred candidates for each location. The location and conformation of AA (based on automated docking simulations) in the hydrophobic crevice in proximity to the region of arachidonate recognition sequence (ARS) suggests that the AA binding might widen the crevice (yellow arrows) and facilitate an outward motion of TRP helix (blue arrow), leading to the channel activation. The channel is presented in a desensitized conformation where C-terminal helix (colored purple) harboring Ser-824 (green) hinders the expansion of the crevice. Ser-824 phosphorylation could prevent the docking and sensitize TRPV4 for activation by AA. B, analysis of the structural features of the Ser-824 -harboring helix reveals the abundance of basic residues (blue sticks), which are hypothesized to mediate the docking of the helix in the crevice under S2-S3 loop through several salt bridges to the negatively charged residues at the binding cavity. Acidic (red sticks) and polar (green sticks) residues on Ser-824 helix are modeled to provide a few additional polar contacts to the rest of the protein, whereas the nonpolar patch (colored white) at the top of Ser-824 helix is expected to form a hydrophobic contact with S2-S3 loop (see details on Fig. S5 ). C, linear subunit model of TRPV4 activation by AA and the prerequisite sensitization by PKA-catalyzed Ser-824 phosphorylation. Positions of the putative ARS and Ser-824 residue mapped onto the predicted membrane topology of a human TRPV4 monomeric subunit.
We have introduced the domain structures into homology models of TRPV4 channel and optimized the structure using 5000-step energy minimization. In both external ( Fig. 8A) and internal ( Fig. S4 ) locations, the Ser-824 -bearing alpha-helix is stabilized in the position by five or six salt bridges. The side chain of Ser-824 in the interior location faces to a hydrophobic site flanked by the negatively charged groups, whereas in the external it is in direct contact with an acidic side chain Glu-430 ( Fig. S5 ), suggesting that phosphorylation of Ser-824 that introduces large hydrophilic and negatively charged phosphate group might prevent docking of the Ser-824 helix and dislodge the C terminus that is connected by a flexible disordered linker to the rest of the channel.
We should note that the external location of the Ser-824 helix is more accessible for kinases, as well as other potential interaction partners of the C terminus, which advances this location as the preferred one. However, the C-terminal domain was not completely resolved in any of the available structures in the PDB, and therefore is likely to be dynamic, with a low binding energy. In this setting, there might be a dynamic equilibrium between the bound and detached C-terminal domain. The phosphorylation might occur in a detached conformation, suggesting that there might be no need for high accessibility of the docked conformation for phosphorylation.
To assess the possible binding site and conformation of AA, we have performed a set of automated docking calculations on the two homology models of TRPV4 with an external and internal placement of the C terminus. Considering that TRP helix is a putative integration domain for various stimuli activating TRPV4, and that Lys-407 residue (and the ARS segment in general) is likely implicated in the binding of TRPV4-activating AA, the search region was set to comprise both the TRP helix and Lys-407 (details provided in "Experimental Procedures" and in Fig. S3A ). The predicted binding region in both models was very similar (Fig. S3, B and C) . The exact conformation varied among the obtained predictions; however, the consensus placement for the aliphatic tail of AA was the hydrophobic crevice that spans from the TRP helix to the beta-sheet bearing Lys-407. The most favorable binding conformations had the carboxyl group of AA oriented toward Lys-407 ( Fig. 8A) . Although there was no direct contact between the two, AA carboxyl is within reach of a flexible Lys-407 side chain to form a salt bridge, which would stabilize the bound AA.
Discussion
Regulation of AA-induced TRPV4 activation by Ser-824 phosphorylation
Although the importance of protein phosphorylation in regulating TRPV4 function is well documented (40 -42) , the mechanisms by which phosphorylation regulates TRPV4 activation in response to different stimuli remain less well understood. Our previous studies revealed that TRPV4 in endothelial cells serves as a critical signaling component in mediating AAinduced dilation of HCAs (36) . Furthermore, we found that AA acts as an endogenous lipid activator of TRPV4 channels in HCAECs and this activation requires PKA-mediated protein phosphorylation. In the present study, we identified the PKA phosphorylation site in TRPV4 (i.e. Ser-824) that is essential for channel activation by AA in coronary endothelial cells. Ser-824, an evolutionarily conserved residue between mammalian and some lower vertebrate (e.g. chicken and fish) TRPV4 proteins (Fig. 2C) , could not be aligned to any serine or threonine in other TRP channels of the vanilloid subfamily, suggesting that phosphorylation at this site may be TRPV4-specific. Substitution of serine 824 with nonphosphorylatable alanine (S824A) or phosphomimetic glutamic acid (S824E) in TRPV4 markedly altered the function of this Ca 2ϩ -permeable channel in a stimulus-dependent manner. In comparison to WT TRPV4, S824A mutant displayed strongly reduced Ca 2ϩ transients in response to AA, whereas an enhanced response to AA was observed in the S824E mutant. Importantly, we confirmed that both mutants did not affect GSK1016790A-induced TRPV4 activation or TRPV4 protein expression on the plasma membrane, using immunoblotting and fluorescence imaging. Thus, replacement of Ser-824 with alanine or glutamic acid changes AA-induced TRPV4 channel activation, without affecting its overall channel function or secretory trafficking.
Our data confirmed that both PKC and PKA induce TRPV4 phosphorylation at Ser-824 (40, 42) . For this analysis, a commercially available anti-pSer-824 antibody was used, which can specifically recognize phosphorylated serine or threonine in the RXRXXS/T sequence motif. The phosphorylation at Ser-824 was strongly enhanced following PMA treatment. In HCAECs expressing the phosphorylation-deficient TRPV4 variant (S824A), no phospho-specific signal could be detected after PMA stimulation. These results confirmed Ser-824 as a target site for PKC, as well as the specificity of the anti-pSer-824 antibody used to detect phosphorylation of this residue. Similarly, activation of PKA by forskolin, the adenylate cyclase activator, also enhanced the phosphorylation of TRPV4 at Ser-824 to a smaller extent. Interestingly, forskolin-induced Ser-824 phosphorylation was enhanced by the presence of the protein phosphatase 1/2A inhibitor cantharidin, indicating that PP1/2A negatively regulates Ser-824 phosphorylation stimulated by the PKA pathway. The PKA inhibitors, PKI and H89, could reduce the effect of forskolin, confirming that PKA is involved in the phosphorylation of Ser-824. However, we cannot exclude the existence of other sites in TRPV4 that could be targeted by PKC and PKA and the possibility that Ser-824 could be phosphorylated by different kinase pathways.
The role of protein phosphorylation in TRPV4 function has been examined in previous studies using HEK 293 or other cell lines expressing human or murine TRPV4 untagged, with C-terminal FLAG or V5 tag, or with C-terminal IRES-GFP (17, 40 -42) . Equivalent results were obtained with different constructs of TRPV4, and one study verified that the addition of the C-terminal FLAG tag did not alter TRPV4 function (41) . In this study, our results indicate that placing GFP at the C terminus of TRPV4 did not affect AA-and GSK1016790A-induced activation and PMA-induced phosphorylation of TRPV4 as compared with the small peptide FLAG tag (Fig. S6 ).
H 2 O 2 -PKA pathway in TRPV4 phosphorylation and activation
The present study provides the first evidence for a regulatory role of H 2 O 2 in Ser-824 phosphorylation of TRPV4 channels. can potentiate TRPV4 activation by AA. This effect was almost entirely abolished by the PKA inhibitor, PKI, demonstrating the involvement of PKA activity. Together with the findings discussed above, this strongly suggests that the H 2 O 2 -PKA signaling axis may represent a powerful mechanism regulating AA-induced TRPV4 activation. In addition, observation of reduced Ca 2ϩ transients in HCAECs expressing the S824A mutant channel as compared with WT TRPV4 further proves that Ser-824 is a major phosphorylation site involved in H 2 O 2 regulation of AA-induced activation.
Ser-824 phosphorylation regulates TRPV4 activation
Pathophysiological significance of H 2 O 2 -PKA-TRPV4 coupling in vascular and other systems
TRPV4 mediates shear stress-induced and endothelium-dependent dilation of HCAs, and this functional role is more pronounced in subjects with coronary artery disease (45) . Although precise mechanisms by which shear stress preferentially activates endothelial TRPV4 in disease remain unclear, evidence indicates that phospholipase A 2 activation and the associated release of AA or its metabolites may be involved in HCAs 3 and other vascular beds (10) . Consistent with this proposed role of AA in TRPV4 activation, AA induced potent vasodilation and endothelial [Ca 2ϩ ] i increase in HCAs, and these responses were blocked by the selective TRPV4 antagonists HC067047 ( Fig. 7 and Fig. S2 ) and RN-1747 (36) . The TRPV4mediated vascular response to AA was partially inhibited by catalase, suggesting that H 2 O 2 regulates AA-induced TRPV4 activation in native endothelial cells. As discussed above, a gain-of-function of TRPV4 contributes to several pathological processes such as neurogenic inflammation and hyperalgesia (5, 16 -18) , adipose cell inflammation (19) , and pulmonary and cardiac tissue fibrosis (20, 21) . In the vascular system, prolonged or excessive activation of endothelial TRPV4 causes disruption of endothelial barrier, tissue edema, and endothelial dysfunction in inflammation and other pathological conditions (57, 58) . It remains of interest to determine whether H 2 O 2induced enhancement of TRPV4 activation by AA contributes to excessive TRPV4 activity under the above pathophysiological conditions.
There is increasing evidence that H 2 O 2 regulates various protein kinases including PKA (48) . Although not directly tested in HCAs because of the interference of PKA inhibitors on smooth muscle function, H 2 O 2 regulation of TRPV4-mediated vascular response may involve PKA signaling, similar to that observed in cultured HCAECs. A previous study showed that H 2 O 2 strongly up-regulates Src-dependent tyrosine phosphorylation of TRPV4, including the Tyr-110 residue (41) . This Src-mediated phosphorylation has been suggested to contribute to the sensitization of TRPV4 in hyperalgesia (17, 41) . It has yet to be determined whether serine/threonine and tyrosine kinasemediated phosphorylation of TRPV4 may coordinate to regulate TRPV4 function in vascular and other cell types.
Hypothesized mechanisms involved in TRPV4 activation by AA and its regulation by Ser-824 phosphorylation
The developed homology model of TRPV4 channel has high confidence of prediction for the region that includes most of the N-terminal cytoplasmic domain (starting from ARD) and the whole transmembrane domains (including the "force hub" TRP helix (59, 60) ). The structure is less certain for the C-terminal domain, but likely contains an alpha-helix with Ser-824, flanked by the flexible linkers. Based on structural analysis of the homology models, we propose two possible binding positions near the TRP and pre-S1 helices. This model of C-terminal arrangement, together with the predicted binding location for AA in the hydrophobic groove between the TRP helix and ARS region, allows us to suggest a possible mechanism for TRPV4 activation and its regulation by Ser-824 phosphorylation (Fig.  8 ). We hypothesize that binding of AA favors expansion of the hydrophobic crevice under TRP helix, thus decreasing the strength of van der Waals interactions with the short alpha-helices that contact TRP helix. It was shown previously that weakening the "latch" that holds TRP helix in place favors the opening of the channel gate that is located on S6 helix (directly connected to TRP helix) (59, 60) . We suggest that similar effect might be caused by AA-induced widening of the hydrophobic crevice, allowing the outward motion of TRP helix and activation of the channel. This widening of the crevice might be contained if the C-terminal domain is lodged to one or another side of the crevice, as suggested by our structural models. However, phosphorylation of Ser-824 residue that is located on the alphahelix in the middle of the C terminus might prevent the domain docking (a disinhibition mechanism), thus enabling the expansion of the hydrophobic crevice and sensitizing TRPV4 to activation by AA. Although this activation mechanism is hypothetical, the atomistic structural models allow specific predictions that can be tested experimentally in future studies.
The alpha-helix with Ser-824 also resides in the previously reported calmodulin (CaM)-binding domain (CBD), which is thought to be involved in Ca 2ϩ -dependent regulation of TRPV4 (61) (62) (63) . Interestingly, TRPV4 mutants with deleted CBD (63) or charge-reversal (5R/E) within CBD (61) show increased channel activity in two different expression systems. This gainof-function phenotype somewhat mimics what we observed in the S824E mutant and WT TRPV4 with Ser-824 phosphorylation, suggesting that a potentially similar disinhibition mechanism through dissociation of C terminus upon CaM binding or Ser-824 phosphorylation may be involved. However, disparate results have been obtained in the previous studies regarding the potential sites that the CBD might interreact with (62, 63) . It remains largely unclear how Ser-824 phosphorylation and CaM binding in the C-terminal region of TRPV4 might be simultaneously regulated under physiological conditions. A previous study has reported that CaM binding at the C terminus (residues 696 to 729) negatively modulates the activity of TRPV5 and this effect can be reversed by PKA-dependent phosphorylation of residue Thr-709 (64) .
Further structure-function studies are required to elucidate the precise mechanisms by which the lipid mediator AA and its metabolites interact with TRPV4 to cause channel opening. Although the synthetic agonist 4␣-PDD activates TRPV4 by directly binding to its TM3 and TM4 segments in a ligand-like manner (38) , earlier studies indicate that AA-induced TRPV4 activation involves metabolism of AA by cytochrome P450 into 5,6-epoxyeicosatrienoic acid (5,6-EET) (34, 35, 39) . A recent study has further proposed a potential 5,6-EET-binding site in TRPV4, which is formed by residues from the TM2-TM3 linker, TM4, and TM4-TM5 linker (65) . However, other studies indicate that TRPV4 can also be activated by other EET regioisomers such as 11,12-EET (66, 67), AA (36, 68) , and endocannabinoids such as 2-arachidonoylglycerol (37) . The reason for this discrepancy is presently unknown but may relate to the potential variable sensitivity of TRPV4 to AA and its metabolites in different experimental systems. As shown in this and a previous study (36) , TRPV4 activation by AA in native human endothelial cells was only marginally affected by EET antagonism (Fig. 7C) , a finding consistent with a more direct role of AA rather than its P450 metabolites in TRPV4 activation. Furthermore, AA-induced TRPV4 activation requires only nanomolar concentrations of AA in native endothelial cells (Fig. 7A ) whereas much higher concentrations (1-3 M) are needed to activate TRPV4 in cultured HCAECs, indicating an exquisite sensitivity of this ex vivo system to AA as compared with cultured endothelial or other cells.
In summary, the activation of TRPV4 by AA in endothelial cells is tightly regulated by PKA-dependent phosphorylation, in which Ser-824 is a major phosphorylation site. We present evidence supporting the notion that the H 2 O 2 -PKA-TRPV4 Ser-824 phosphorylation signaling axis may represent an important mechanism regulating AA-induced TRPV4 activation under pathophysiological conditions. Finally, we provide a structural model supporting the proposal that AA may activate TRPV4 through direct binding to the hydrophobic crevice between TRP helix and cytosolic ARS region and such binding or channel gating is enhanced by phosphorylation on the Ser-824 residue via a disinhibition mechanism. Together, these results give insight into the mechanisms of TRPV4 activation and its regulation by protein phosphorylation. A better understanding of these mechanisms may reveal novel therapeutic targets to specifically reduce augmented signaling under pathophysiological conditions while preserving normal physiological functions.
Experimental procedures
Cell culture
HCAECs were obtained from Lonza (Walkersville, MD) and maintained in complete EGM-2MV growth medium (Lonza) according to the manufacturer's instructions. In brief, HCAECs were grown in a humidified incubator at 37°C and 5% CO 2 and split at 1:3 to 1:4 ratios once the cells reached 90 -95% confluence. Cells between passages 6 and 7 were used for experiments.
Plasmids, mutagenesis, and lentiviral production
The full-length human TRPV4 (NM_021625) cDNA clone was obtained from OriGene (Rockville, MD) and shuttled into a mammalian expression vector resulting in a TRPV4 fusion protein with its COOH terminus tagged with turbo GFP. The TRPV4-GFP construct was then cloned into the pWPTS lentiviral vector as described previously (36) . Point mutations (e.g. S824A and S824E) were introduced into wildtype TRPV4 using site-directed mutagenesis service (Mutagenex, Suwanee, GA). All constructs were verified by DNA sequencing. Recombinant lentiviruses were produced from HEK 293 cells as described in our previous work (69) .
Transient and stable transgene expression
For stable TRPV4 overexpression experiments, HCAECs at passage 6 were grown to 50 -60% confluence before being transduced with recombinant lentiviruses at an m.o.i. (multiplicity of infection) of 50 -100. Sixteen h after transduction, the concentration of free calcium in the culture medium was reduced to ϳ0.6 mM by the addition of 1.2 mM EDTA, and the medium pH was readjusted. This low-calcium medium has been used previously to minimize potential calcium overload from TRPV4 overexpression in HCAECs (36) . Cells were used for calcium imaging 3 to 4 days after transduction (without cell splitting) and for immunoblotting experiments 4 to 5 days after transduction (with one splitting at a ratio of 1:3).
To determine whether GFP affects TRPV4 function in TRPV4-GFP fusion constructs, we performed control experiments using HEK 293 cells transiently transfected with TRPV4-FLAG-IRES-turbo GFP pCMV6 (OriGene), or TRPV4-mGFP pCMV6 (OriGene). HEK 293 cells were grown in DMEM containing 10% FBS. Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) and incubated in DMEM with reduced Ca 2ϩ (0.6 mM) for an additional 16 -20 h prior to calcium imaging, or for an additional 48 h prior to immunoblotting experiments.
Calcium imaging
HCAECs were plated onto 35-mm glass-bottom Petri dishes and grown to 60 -70% confluence. The cells were incubated with fura-2 AM (5 M) (Molecular Probes) in the presence of Pluronic F-127 (0.01%) at 37°C for 30 min in a modified Hanks' balanced salt solution (HBSS) that contained (in mM): 123 NaCl, 5.4 KCl, 1.6 CaCl 2 , 0.5 MgCl 2 , 0.4 MgSO 4 , 4.2 NaHCO 3 , 0.3 NaH 2 PO 4 , 0.4 KH 2 PO 4 , 5.5 glucose, and 20 HEPES (pH 7.4 with NaOH). A fura-2 assay was used to monitor cytosolic Ca 2ϩ signals as described previously (12, 36) . MetaFluor software (Molecular Devices) was used to record and analyze the emitted fura-2 fluorescence at 510 nm in cells that are alternately exposed to 340 and 380 nm excitation wavelengths. Fluorescence images were acquired every 3 s for 20 to 30 min. Background fluorescence was subtracted before calculation of the ratio of the fluorescence intensity at 340 nm versus 380 nm excitation (F340/F380). Experiments were performed at 27°C. The intracellular calcium concentration ([Ca 2ϩ ] i ) was calculated according to Equation 1 , 1F and 4F ), which can be obtained at a level close to or above 1-2 M, conversion of F340/F380 ratio to [Ca 2ϩ ] i will introduce large errors, and we, therefore, presented the averaged changes in F340/F380 ratios. To ascertain that the fura-2 assay does not blunt the potential difference in GSK1016790A-induced responses between WT, S824A, and S824E constructs, additional experiments were performed with fura-4F, which has a lower affinity for Ca 2ϩ (K d around 0.77 M) and thus is less likely to be saturated at 1-2 M [Ca 2ϩ ] i (Fig. S7 ).
Ser-824 phosphorylation regulates TRPV4 activation
Immunoprecipitation and immunoblotting
Following treatment as specified in the figure legends, endothelial cells expressing the TRPV4-GFP transgene were rinsed with ice-cold phosphate-buffered saline (PBS, pH 7.4), and solubilized in a lysis buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM EDTA, and 5% glycerol) supplemented with 10 M cantharidin, and a mixture of 1ϫ protease inhibitors (Roche) and 1ϫ phosphatase inhibitors (Pierce). Cell lysates were centrifuged at 12,000 ϫ g for 10 min, and protein samples (150 g) were mixed with 0.5 g of a rabbit polyclonal anti-GFP antibody (Evrogen, AB513) for 1 h and then with 5 l of protein A/G magnetic beads (Pierce, cat. no. 88802) for an additional 3 h at 4°C to precipitate TRPV4-GFP immunocomplexes. The magnetic beads were then washed with the lysis buffer four times and water one time, and proteins were eluted with 60 l of 1ϫ LDS sample buffer (25 mM Tris-HCl, pH 8.0, 1% LDS, 10% glycerol, and 0.0045% bromophenol blue) supplemented with 50 mM DTT for 15 min at room temperature.
Protein eluates (20 l, equivalent to 50 g of total input protein) were separated by SDS-PAGE on 10% TGX precast gels (Bio-Rad) and transferred to PVDF membranes. Membranes were blocked with 5% BSA at room temperature for 1 h and then incubated with diluted rabbit monoclonal anti-Phospho-Akt Substrate antibody (1:1,000 in TBST with 5% BSA) (cat. no. 10001, clone 23C8D2, Cell Signaling Technology) at 4°C for overnight. This anti-phospho-serine/threonine antibody, which is raised against the motif RXRXXS*/T*, was used to identify phosphorylated serine 824 of TRPV4. A similar antibody (cat. no. 9611 from Cell Signaling Technology against the motif [K/R]X[K/R]XXS*/T*) was used in a previous study (42) . Blots were then washed with TBST prior to the addition of an HRP-conjugated mouse anti-rabbit IgG (conformation-specific) antibody (1:2000 in TBST with 5% NFDM) (cat. no. 5127S, clone L27A9, Cell Signaling Technology) at room temperature for 1 h. Membranes were repeatedly washed and developed using the ECL Plus reagent (Amersham Biosciences). The same membrane was stripped in Restore Western Blot Stripping Buffer (Pierce) and reprobed with a rabbit anti-GFP antibody (1:15,000 in TBST with 5% NFDM) (Evrogen, AB513), followed by a mouse anti-rabbit antibody as above (1:2000 in TBST with 5% NFDM) to obtain the total TRPV4 signal.
To assess protein phosphorylation of TRPV4 by PKA in vitro, protein lysates of HCAECs expressing TRPV4-GFP (150 -200 g total protein) were immunoprecipitated with anti-GFP antibody and protein A/G magnetic beads as described above. After washing with the lysis buffer three to four times and once with water, the beads were incubated in a kinase reaction buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 0.1 mM EDTA, 2 mM DTT, 0.01% Brij 35), supplemented with 2500 units of a recombinant PKA, catalytic subunit (New England Biolabs) and 200 M ATP, for 30 min at 30°C prior to SDS-PAGE.
Biotinylation of cell surface proteins
A cell surface protein isolation kit from Pierce was used to isolate plasma membrane proteins from HCAECs, according to the manufacturer's instructions with slight modification (23) . Briefly, cells were incubated in PBS containing 0.5 mg/ml sulfosuccinimidyl 2-(biotiamido)ethyl-1.3-dithiopropionate (Sulfo-NHS-SS-Biotin) for 30 min at 4°C with gentle rocking. The biotinylation reaction was stopped by a quenching solution, and cells were washed with ice-cold Tris-buffered saline (TBS), followed by total protein preparation using a lysis buffer described above. To isolate biotinylated proteins, protein samples (150 -200 g input protein) were mixed with 50 l of NeutrAvidin agarose beads (supplied as 50% slurry) and rotated for 3 h at 4°C. The beads were collected by centrifugation at 2500 ϫ g for 2 min and washed four to five times with a wash buffer. Proteins were then eluted with 100 l of 1ϫ Laemmli sample buffer (Bio-Rad) supplemented with 50 mM DTT by heating the samples for 5 min at 95°C. The eluted proteins were analyzed by Western blotting as described earlier.
Vascular reactivity
Vasomotor response was assessed in coronary arterioles (100 -200 m) isolated from human atrial surgical specimens and mounted on pressure myograph as described previously in detail (36) . All protocols were approved by the local institutional review boards on the use of human subjects in research. Arterioles were pressurized under 60 mm Hg and precontracted with endothelin-1, and relaxation responses to cumulative concentrations of AA (10 Ϫ10 to 10 Ϫ6 M) were determined in the presence or absence of HC-067046 (1 M, intraluminal and in the bath), a selective antagonist of TRPV4. To examine the modulation of endogenous H 2 O 2 on TRPV4-mediated dilation, vasodilatory responses to AA were examined before and after a 30-min incubation with catalase (500 units/ml, intraluminal), an H 2 O 2 -metabolizing enzyme. To determine the role of cytochrome P450 metabolites EETs, arterioles were incubated for 30 min with 14,15-EEZE (10 M), a selective EET antagonist (49) . At the end of each experiment, papaverine (10 Ϫ4 M), an endothelium-independent vasodilator, was added to determine the maximal dilation for normalization of dilator responses. Vasodilator responses are expressed as a percentage of maximal Ser-824 phosphorylation regulates TRPV4 activation relaxation relative to endothelin-1 constriction, with 100% representing full relaxation to basal tension or the maximal diameter.
Human TRPV4 homology model and molecular docking
Homology models of the human TRPV4 channel were developed using seven structure prediction servers: I-TASSER (53), Phyre2 (54), M4T (71), IntFOLD-TS (52), RaptorX (55), SWISS-MODEL (51), and Robetta (56) . The complete protein sequence (UniProt ID: Q9HBA0) was submitted for processing. Comparison of the predictions (47 in total) has revealed a high consistency in the ankyrin repeats and transmembrane domains, whereas the ϳ100-residue N-terminal domain and C-terminal region after TRP helix (characterized by the lower evolutionary conservancy and mostly unresolved in the experimental structures) showed significant variability in the models. The structure delivered by SWISS-MODEL server, which was based on the cryo-EM structure of TRPV2 channel (PDB ID: 5HI9) as the template, was most consistent with both the predictions of different servers and the available structures in the PDB. Taking this model as the basis for the N-terminal and the transmembrane parts, we have performed a separate round of modeling for an isolated C-terminal sequence (residues Arg-779 to Leu-871) to avoid bias by the preceding part with high homology. The domain was submitted to structure prediction servers IntFOLD-TS (52), I-TASSER (53), Phyre2 (54), RaptorX (55), Robetta (56) , and SWISS-MODEL (51) . The produced models (80 in total) were analyzed for compatibility with the rest of the channel structure, in particular, the ability to dock in the putative internal and external locations (see "Results"), the ability to be linked to the end of the beta-strand after the TRP helix without structural strain, and the absence of steric conflicts with the other subunits in tetrameric arrangement. Based on the inspection we have selected the best fitting structural model of the C-terminal region for each of the two target locations, and integrated them with the homology model using visual molecular dynamics (VMD) software (72) . The complete homology models ( Fig. 8A and Figs. S3 and S4) were subjected to 5000 steps of energy minimization to remove minor sterical conflicts. The minimization was performed in NAMD (73) using conjugate gradient algorithm and CHARMM36 force field (74).
Based on empirical evidence (1, 59, 60) we have suggested that the binding spot for AA might be located somewhere in the region between the TRP helix and ARS domain. To explore the possible binding conformations, we have used automated docking of AA molecule to the homology models of TRPV4 in AutoDock Vina software (75) . The search box for the center of AA was set to be 30 Å ϫ 30 Å ϫ 30 Å, which covered the whole target region including TRP helix and the beta-sheet containing Lys-407. With that box, the volume that the carboxyl group or tail of AA could reach was nearly 50 Å ϫ 50 Å ϫ 50 Å (see Fig.  S3 ). The protein structure was held rigid whereas AA molecule was flexible with rotations allowed around all the appropriate chemical bonds. The docking was performed with high exhaustiveness parameter (160), producing 20 most likely binding modes per run. Considering the stochastic nature of this docking approach, the whole procedure was repeated 10 times for every homology model, bringing a family of 200 predicted docking conformations for each of them ( Fig. 8A and Figs. S3 and   S4 ). The results of the homology modeling and automated docking were visualized using VMD (72) .
Reagents
GSK1016790A was kindly provided by GlaxoSmithKline Pharmaceuticals, and 14,15-epoxyeicosa-5(Z)-enoic acid (14, was provided by John R. Falck. AA sodium salt and H 2 O 2 were obtained from Sigma-Aldrich. HC067047, cantharidin, forskolin, PMA, H89 dihydrochloride, and PKI 14 -22 amide were obtained from Tocris. KT5720 was obtained from Alomone Labs (Jerusalem, Israel). Stock solutions of AA sodium salt and 14,15-EEZE were prepared in double-distilled ethanol. H 2 O 2 (30% solution) was diluted in distilled water immediately before use. All other chemicals were dissolved in DMSO as stock solutions (1000ϫ or higher). Vehicle control studies indicated that the addition of DMSO (0.01-0.1%) or ethanol (0.01-0.1%) did not affect the cellular responses examined in this study.
Data and statistical analysis
All Ca 2ϩ responses are presented as mean Ϯ S.E., with the number of independent experiments (n) included in the brackets above error bars. In each experiment, Ն 20 randomly chosen cells were recorded and averaged as one measurement. All other molecular experiments were repeated at least three times unless otherwise stated. Statistical comparisons of vasodilatory responses were performed by two-way (factor) repeated measures ANOVA (factor 1, doses; factor 2, different treatments such as a vehicle or an inhibitor), followed by the Holm-Sidak test for pairwise comparisons or comparisons versus control. For other nonvascular studies, statistical comparisons were made by Student's t test or one-way ANOVA, where appropriate, using the statistical analysis programs provided in SigmaPlot (version 12). Significance in figures was depicted as * or #, p Ͻ 0.05; ** or ##, p Ͻ 0.01.
